The direct decarboxylative arylation of a-oxo acids has been achieved by synergistic visible-light-mediated photoredox and nickel catalysis.T his method offers rapid entry to aryl and alkyl ketone architectures from simple a-oxo acid precursors via an acyl radical intermediate.S ignificant substrate scope is observed with respect to both the oxoa cid and arene coupling partners.T his mild decarboxylative arylation can also be utilized to efficiently access medicinal agents,a s demonstrated by the rapid synthesis of fenofibrate.
Photoredox catalysis employing visible light has recently emerged as avaluable platform for the design of unique oneelectron-transfer pathways that allow the invention of valuable new chemical reactions. [1] In this vein, our laboratory has described the decarboxylative coupling of a-amino, a-oxy, and alkyl carboxylic acids with aryl halides,amethod that enables broad access to C sp 3 ÀC sp 2 bonds using abundant and inexpensive starting materials. [2] This new fragment coupling relies on the capacity of photoredox catalysts to simultaneously modulate the oxidation states of organometallic intermediates while generating open-shell organic species that can interface with transition-metal catalysts (e.g.,Pd, Ni, Cu). [2, 3] Recently,w eq uestioned whether this synergistic catalysis pathway might provide adirect and mild route to ketones by the radical decarboxylative coupling of simple a-oxo acids and aryl halides,atransformation that to our knowledge has not previously been described. [4] Herein, we detail the successful execution of these ideals,a nd present an ew mechanism for the production of diaryl, alkyl-aryl, and dialkyl carbonyl compounds at room temperature without the requirement for CO,strong bases,ororganometallic reagents.
Ketones have long been established as al inchpin functional group in organic chemistry owing to their innate capacity to function as electrophiles across at remendous array of bond-forming reactions (e.g.,t of orm CÀC, C=C, CÀN, and ROÀC=Ob onds). Moreover,k etones are ac ommon structural element found in aw ide range of agrochemicals,b ioactive natural products,p harmaceuticals, and electronic materials (including photovoltaics). [5] Common methods for ketone synthesis currently include 1) organometallic additions to Weinreb amides, [6] 2) Stille couplings between acyl chlorides and stannanes, [7] 3) metalcatalyzed carbonylations between aryl halides and prefunctionalized transmetalation reagents (e.g., boronic acids), [8] and 4) alkene hydroacylations ( Figure 1) . [9] Whereas the synthetic value of these coupling strategies is self-evident, the development of new catalytic transformations that provide access to structurally diverse ketones using simple, inexpensive substrates would be welcomed by synthetic chemists.
Within the realm of open-shell chemistry,a cyl radicals derived from acyl selenides and tellurides have long been used to initiate cyclization cascades to generate complex ketones in formal hydroacylation reactions. [10] However,t he synthetic utility of acyl radicals has been somewhat limited owing to their innate nucleophilicity [11] along with the immoderate conditions required for their generation (typically entailing high temperatures,UVlight, or stoichiometric amounts of tin reagents). As ac ritical advantage,w e postulated that the implementation of photoredox-mediated decarboxylation [2, 12] would allow for ab road range of acyl radicals to be accessed from a-oxo acids,such as pyruvic acid, thereby allowing ketone production from an abundant, non- 
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Chemie metal-based source.Asakey design element, this photoredox approach to nickel acyl complex formation would allow facile generation of as eries of carbonyl products using mild conditions (room temperature) without the need for toxic reagents or stoichiometric oxidants. [13] Ad etailed mechanism for the proposed metallaphotoredox aryl cross-coupling with a-oxo acids is shown in Scheme 2 to deliver the critical acyl radical species 5.W ithin the same time frame,the second catalytic cycle would be initiated by oxidative addition of the Ni 0 catalyst 6 [16] into the aryl halide (e.g., 4-iodotoluene (7), as shown) to generate Ni II aryl complex 8.T he resulting electrophilic metal species 8 would then rapidly trap the nucleophilic acyl radical 5 to produce nickel acyl complex 9.A tt his stage,r eductive elimination from this Ni III complex would be expected to forge the requisite C sp 2 À C sp 2 bond of compound 10,w hile expelling the corresponding Ni I complex 11.F inally,s ingle-electron transfer (SET) from the photocatalyst, Ir II species 4,t ot he Ni I -dtbbpy complex 11 would return the metal catalyst to the required Ni 0 oxidation state in an exergonic process.I ndeed, the thermodynamic requirements of the two-electron reduction of Ni II to Ni 0 are favorable (E 1/2 II/0 = À1.2 Vv s. SCE in DMF), [17] given the corresponding reduction potential of Ir II complex 4 (E 1/2 III/II = À1.37 Vvs. SCE in CH 3 CN). [15] It should be noted that this second photoredox-mediatedS ET event regenerates the ground-state Ir III catalyst 1 while reconstituting the requisite Ni 0 complex 6,c ompleting the photoredox and nickel cycles simultaneously.
We began our investigations into this new acyl crosscoupling method using phenylglyoxylic acid and para-iodotoluene in the presence of [Ir{dF(CF 3 )ppy} 2 {dtbbpy}] + 1,N i complex 12,C s 2 CO 3 ,a nd DMF.G iven the findings from our previous studies into the decarboxylative nickel-catalyzed arylation of amino acids,w ep resumed that as trongly oxidizing photocatalyst (e.g., 1)would be required to oxidize the carboxylate and initiate the CO 2 extrusion step.I ndeed, we were delighted to achieve proof of concept using the optimized catalytic conditions from our earlier studies; however, the efficiency of ketone product formation was poor (Table 1 , entry 1, 13 %yield). Pleasingly,changing from Cs 2 CO 3 to Li 2 CO 3 led to an otable increase in reaction efficiency (entry 2, 38 %yield). Moreover,implementation of amore powerful 34 Wblue LED lamp in lieu of the standard blue LED strips provided further improvement (entry 3, 60 % yield), highlighting that the reaction is likely photon-limited. Theaddition of two equivalents of water produced amodest boost in yield while adding further equivalents was detrimental, presumably owing to protonolysis of the putative Ni II aryl Scheme 1. Merged photoredox and nickel catalytic cycles. . .
Communications complex at high H 2 Oc oncentration (entries 5a nd 6). [18] Ultimately,i ncreasing the photocatalyst loading to 2mol % provided superior conditions,d elivering the desired diaryl ketone adduct in excellent yield (entry 7, 88 %).
With optimized conditions in hand, we next examined the scope of the a-oxo acid component in this new cross-coupling method. As described in Table 2 , awide range of a-keto acids bearing aromatic and aliphatic substituents were amenable to this CO 2 extrusion mechanism. Pleasingly,t his open-shell pathway allows for the ready implementation of an orthosubstituted aryl ring on the keto acid component (product 14, 92 %y ield), as ignificant limitation for many previous crosscoupling systems owing to the accompanying steric demands. [4] Surprisingly,e lectron-deficient arenes were tolerated on the keto acid, despite the inherent difficulty of the carboxylate oxidation step (product 15,60% yield). Electronrich aryl glyoxylic acids readily served as efficient nucleophiles,g enerating the product ketones in good yields (products 14 and 16,92% and 65 %yield).
As further detailed in Table 2 , ar ange of aliphatic keto acids can also serve as efficient coupling partners.Particularly notable are cyclic systems,such as cyclopropyl and cyclohexyl glyoxylic acids (products 17 and 18,8 8% and 80 %y ield). Moreover,avariety of acyclicalkyl-substituted ketones were readily accessible using the appropriate a-oxo acids (products 19-23,83-92 %yield). Perhaps most pleasingly,pyruvic acid, which is available from biomass,c an be readily harnessed to generate aryl acylation adducts directly (product 10,5 7% yield).
With respect to the electrophilic coupling partner, the mild conditions employed with this photoredox/nickel method allow for awide range of aryl halides to be employed (Table 3) . Fore xample,i odoarenes bearing fluoride and chloride substituents could be used to generate halogenated ketones without the formation of dehalogenated adducts (products 24 and 25,70% and 90 %yield). Theenhanced rate of oxidative addition to aryl iodides relative to aryl chlorides allows for chemoselectivity in the cross-coupling of 1-chloro-4-iodobenzene,w hich allows the chloride group to be retained as ah andle for further synthetic manipulations or as as tructural element for medicinal chemistry.I nt his context, it is important to note that at rifluoromethyl group can also be incorporated on the arene ring (product 26,88% yield). Electron-rich arenes can also serve as electrophiles, albeit with increased reaction times (products 27 and 28,both 70 %y ield). Not surprisingly,e lectron-deficient arenes are highly competent in this cross-coupling reaction, enabling the use of bromoarenes as electrophiles in these cases (products 29-36,6 4-85 %y ield). As ac ritical requirement for the broad-scale implementation of this transformation, heteroarenes could be successfully employed to rapidly build nitrogen-containing aryl ketone adducts (products 32-36, 64-85 %y ield). Specifically,3 -bromopyridines could be coupled effectively (products 33 and 34,8 0% and 64 % yield). Last, we have further determined that 4-bromopyridines are valuable coupling partners,a nd that the steric environment around the nitrogen atom is inconsequential with respect to reaction yield (products 32, 35,a nd 36,8 0-85 %y ield).
To further demonstrate the utility and generality of this novel cross-coupling reaction, we sought to employ electrophiles beyond the realm of aromatic halides.A ss hown in Scheme 2a,h indered vinyl halides can be readily utilized in the procedure to build a,b-unsaturated ketones directly. Perhaps more importantly,alkyl halides,such as bromocyclopentane,were successfully utilized in this new transformation to generate dialkyl ketones (Scheme 2b). This latter example highlights the use of nickel catalysis to enable oxidative insertion into C sp 3-halogen bonds without the intervention of detrimental b-hydride elimination pathways.
Finally,w es ought to highlight the value of this new method for medicinal chemistry by the rapid production of ab iologically active small molecule incorporating ad iaryl ketone.W ithin this context, fenofibrate,acholesterol-modulating pharmaceutical of the fibrate class,c urrently ranked Table 2 : Decarboxylative coupling:scope of the a-oxo acid.
[a]
[a] Reactionsp erformed using the optimized conditionsfrom Table 1 (see the SupportingInformation for details). Yields of isolated products are given.
Chemie 47th in American retail sales, [5c] was synthesized in as ingle decarboxylation step (3 steps overall) in 71 %y ield (Scheme 2c).
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